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adhesion molecule PS Integrin (Beumer et al., 1999),Howard Hughes Medical Institute
the microtubule-associated protein Futsch (Roos et al.,Department of Molecular and Cell Biology
2000), the poly(A) binding protein PABP (Sigrist et al.,University of California
2000), the large presynaptic protein Highwire (a potentialBerkeley, California 94720
ubiquitin ligase) (Wan et al., 2000), and the deubiquitinat-
ing protease Fat Facets (DiAntonio et al., 2001). How
these proteins function together to control synapticSummary
growth, and what sort of extracellular signals regulate
their function, is largely unknown.We conducted a large-scale screen for Drosophila mu-
Our lab previously devised a noninvasive method totants that have structural abnormalities of the larval
image synaptic growth using a green fluorescent proteinneuromuscular junction (NMJ). We recovered muta-
(GFP) chimeric protein marker that is transgenically ex-tions in wishful thinking (wit), a gene that positively
pressed in muscle and that localizes specifically to theregulates synaptic growth. wit encodes a BMP type II
postsynaptic side of the NMJ (Zito et al., 1999). Usingreceptor. In wit mutant larvae, the size of the NMJs is
this GFP marker, we conducted a large-scale mutantgreatly reduced relative to the size of the muscles.
screen in search of genes that control synapse forma-wit NMJs have reduced evoked excitatory junctional
tion, synaptic structure, and synaptic growth (H.A., D.potentials, decreased levels of the synaptic cell adhe-
Parnas, and C.S.G., unpublished results). Genes weresion molecule Fasciclin II, and synaptic membrane de-
uncovered that control important aspects of all threetachment at active zones. Wit is expressed by a subset
phenotypic categories. A previous paper reported onof neurons, including motoneurons. The NMJ pheno-
dpix, a gene that regulates synaptic structure and pro-type is specifically rescued by transgenic expression
tein localization (Parnas et al., 2001). Here we report onof Wit only in motoneurons. Thus, Wit appears to func-
the identification of a presynaptic receptor—a membertion as a presynaptic receptor that regulates synaptic
of the bone morphogenetic protein receptor family—thatsize at the Drosophila NMJ.
regulates synaptic growth.
Bone morphogenetic proteins (BMPs) are membersIntroduction
of the transforming growth factor (TGF)- superfamily
(Massague, 1998). BMPs were originally discovered byOnce synapses form, most continue to expand, retract,
their ability to cause bone differentiation (Urist, 1965;and remodel throughout life. The molecular machinery
Wozney et al., 1988). They have subsequently been
that controls synaptic growth is poorly understood. In
shown to function in many developmental processes.
order to identify both positive and negative regulators
In vertebrates, BMPs are involved in establishing the
of synaptic growth, we have taken a genetic approach basic embryonic body plan, mesoderm formation, pat-
in Drosophila, employing genetic screens to uncover terning of the neural tube, and the development of many
mutants with changes in the rate and extent of growth organs (Hogan, 1996). In Drosophila, BMP signal trans-
of synapses. duction has been implicated in the patterning of the
The glutamatergic neuromuscular junction (NMJ) in embryonic dorsal-ventral axis, homeotic gene expression
Drosophila is particularly accessible for such a genetic in the midgut, and in the proliferation and patterning of
approach. The Drosophila NMJ is a dynamic structure, the larval imaginal discs (Raftery and Sutherland, 1999).
growing new boutons and sprouting new branches Studies in many organisms have established a general
throughout larval development. As the animal develops model for the transduction of the BMP signal into the
from a first to a third instar larvae over a period of about nucleus (Kawabata et al., 1998). As secreted molecules,
five days, the surface area of the postsynaptic muscle BMP’s act in a paracrine manner and associate with
increases as much as 100-fold. During this develop- a heteromeric complex containing BMP type I and II
mental period, there is a concomitant growth of the receptors. The BMP type II receptor (BMPRII) phosphor-
presynaptic nerve terminal resulting in an up to ten- ylates and thereby activates the type I receptor, which
fold increase in the number of boutons and a ten-fold then transmits the signal by phosphorylating receptor-
increase in the number of active zones per bouton specific, cytoplasmic transcription factors, called Smads.
(Schuster et al., 1996a). What molecular mechanisms These receptor-associated Smads subsequently form a
control the growth of this synapse? complex with a common Smad binding factor, Smad4,
A number of genes have been identified over the past and translocate to the nucleus to activate gene tran-
few years that control synaptic growth, including amongst scription.
others potassium channel proteins Eag and Shaker In mice, BMPRII is expressed in a dynamic pattern in
many tissues of all three germ layers during embryonic
development. In the nervous system, prominent expres-1Correspondence: goodman@uclink4.berkeley.edu
sion is seen in the hippocampus, the cerebellum, moto-2 Present address: Renovis, Inc., 270 Littlefield Avenue, South San
Francisco, California 94080. neurons, and sensory neurons of the dorsal root ganglia
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(Charytoniuk et al., 2000). Due to a widespread expres- observed through the translucent cuticle of an intact
animal from first to late third instar larvae using confocalsion and requirement during early developmental
stages, BMPRII-deficient mice die shortly after implan- microscopy (Figure 1A). In larvae, the somatic muscula-
ture of each hemisegment is innervated by a major nervetation, precluding thus far the study of the function of
BMPRII in vivo during synapse development (Beppu et bundle, which defasciculates into five major nerve
branches. Each branch forms synapses on a subset ofal., 2000).
A regulatory function for vertebrate BMPs in dendritic muscles: for example, the ISN branch innervates dorsal
and dorso-lateral muscles, while the SNa branch inner-growth has been suggested by in vitro results on cul-
tured sympathetic neurons. Exposure of these neurons vates exclusively lateral muscles (Figure 1B). The dorsal
and lateral muscles are most easily visualized in CD8-to recombinant BMP7 rapidly induces the upregulation
of dendritic marker proteins and the outgrowth of new GFP-Sh larvae and have therefore been the focus of our
screen.dendrites (Lein et al., 1995). BMP2, BMP6, and Drosoph-
ila Gbb (60A) have been shown to stimulate similar On the third chromosome, we screened third instar
larvae of 4973 homozygous Drosophila lines carryinggrowth effects (Guo et al., 1998). The dendritic growth-
promoting activity of BMP7 is also effective on cultured EMS-induced mutations for morphological alterations
of the NMJ (see Experimental Procedures). We savedhippocampal neurons. Because BMP7 and other BMPs
are expressed in the hippocampus, it has been suggested 66 lines that fell into 17 complementation groups com-
prising 10 phenotypical classes. Amongst the mostthat they might play a developmental role in dendritic
growth and synapse formation (Withers et al., 2000). prominent phenotypes, we found mutations that lead to
smaller and more expanded synapses. We also recov-TGF- family members may also have a regulatory
function in the development of the vertebrate NMJ. A ered mutations that affected muscle innervation, muscle
morphology, and localization of the CD8-GFP-Sh trans-ligand of the TGF- superfamily, Myostatin (GDF-8), is
expressed exclusively in developing and adult somatic gene (H.A. and C.S.G., unpublished observations) (Par-
nas et al., 2001).muscles and negatively regulates muscle growth. Mice
mutant for the myostatin gene are significantly larger Five mutant alleles of one complementation group,
which was named wishful thinking (wit) (Marque´s et al.,than their littermates due to a 2- to 3-fold increase in
their skeletal muscle size and mass (McPherron et al., 2002), exhibited particularly small NMJs, while muscle
size remained close to normal (Figure 1D). All neuromus-1997). In addition, TGF-2 is thought to act as a target-
derived neurotrophic factor for motoneurons because cular synapses were smaller in wit mutants with nearly
100% penetrance. The size of individual synaptic bou-it is localized at the postsynaptic side of the NMJ, and
its receptors are expressed in motoneurons (Jiang et tons appeared normal, but boutons were often spaced
further apart from one another (Figure 1D). The specific-al., 2000). These results show that ligands and receptors
of the TGF- superfamily are present in both muscles ity of the neuromuscular connections was not affected,
and we did not observe any other gross morphologicaland motoneurons and suggest that they might function
in regulating the growth of the neuromuscular synapses. defects in wit mutant larvae. In addition, the size of
sensory neurons appeared normal and the dendritic treeHowever, a functional requirement for BMP signaling in
the growth of any synapse in vivo has not yet been of multidendritic neurons was not visibly reduced in size
in the mutants (not shown). wit larvae pupate at thedemonstrated.
Here we show that the wishful thinking (wit) gene in same time as their heterozygous siblings and die as
pharate adults shortly before eclosion. Thus, mutationsDrosophila encodes a BMP type II receptor. We use
genetic analysis to show that this BMPRII functions in in wit seem to primarily affect the structure of the NMJ.
vivo to control synaptic growth. In wit mutant larvae,
NMJs are dramatically reduced in size. wit NMJs show Fasciclin II Is Downregulated in wit
changes in their physiology, have a downregulation of Mutant Boutons
synaptic Fas II, and display a partial detachment of the Since the synapses are drastically reduced in size in
synaptic membrane at active zones. Wit is expressed wit mutants, we wanted to determine if there are any
by motoneurons, and the mutant NMJ phenotype is spe- changes in the subcellular distribution of synaptic pro-
cifically rescued by transgenic expression of Wit only teins. Discs Large (Dlg), a synaptic clustering protein
in motoneurons. Thus, Wit appears to function as a key (Figures 2A and 2B), and myc-tagged glutamate recep-
presynaptic receptor that regulates synaptic size at the tor IIB (GluRIIB), a subunit of postsynaptic GluRs (not
Drosophila NMJ. Similar results have been obtained in shown), appeared to localize correctly. In contrast, we
an independent study (Marque´s et al., 2002 [this issue found alterations in the synaptic level of the cell adhe-
of Neuron]). sion molecule Fasciclin II (Fas II) and in the distribution
pattern of the synaptic vesicle-associated protein Syn-
aptotagmin (Syt). In wild-type larvae, Fas II is detectedResults
on all motor axons and at higher levels on both the pre-
and postsynaptic side of synaptic boutons. wit mutantMutant Screen to Identify Genes that Control
Synaptic Growth synapses generally exhibit a greatly reduced synaptic
staining for Fas II (Figures 2C and 2D). Interestingly, FasTo screen for structural alterations of the neuromuscular
junction (NMJ), we used a transmembrane GFP-fusion II appeared to be selectively absent from the synaptic
terminals but remained at normal levels on the motorprotein (CD8-GFP-Sh) that specifically localizes to the
NMJs of Drosophila larvae (Zito et al., 1999). All somatic axon bundles (not shown). In wild-type, the synaptic
vesicle marker Syt localizes exclusively to the presynap-muscles and their neuromuscular connections can be
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Figure 1. Visualization of the Neuromuscular
Junctions with a GFP-Fusion Protein in Wild-
Type and wit Mutant Third Instar Larvae
(A) Confocal image of the dorso-lateral mus-
culature of an abdominal hemisegment
viewed from the exterior through the cuticle
of an undissected wild-type CD8-GFP-Sh
larva. Neuromuscular junctions formed by the
ISN-pathway are colored in red, by the SNa
in green, and by the ISNb in blue. Muscles
numbers are colored accordingly. (B) Sche-
matic diagram of the dorso-lateral neuromus-
cular system. Motoneuron pathways and the
muscle fields they innervate are stained in
similar colors as in (A). (C and D) Confocal
micrographs comparing synaptic size of a
wild-type (C) and a wit mutant larva (D) car-
rying the CD8-GFP-Sh transgene. In wit mu-
tants, every synapse is reduced in size and
bouton number. All panels depict exterior
views; dorsal is up, anterior to the left.
tic terminal and is not detected normally in motor axons pared to wild-type, as do those of second instar wit
mutants (data not shown).using our imaging procedure. In wit mutants, however,
Syt staining was typically found in a punctate pattern
in the nerve bundles (Figures 2E and 2F). wit Encodes the Drosophila Homolog
We quantified the structural growth defects in wit mu- of the Vertebrate BMPRII
tants by counting the synaptic boutons (Figure 2G). The To clone the wit gene, we mapped the locus by meiotic
bouton numbers on dorsal muscle 1 were approximately recombination and by deficiency mapping to the region
55% reduced in wit mutants (6.6  0.5 in witHA2/witHA5 64A3-A6 on the third chromosome. We predicted at least
and 7.8  0.7 in witHA4/witHA5 versus 15.9  0.5 in wild- 11 genes in this region (see Experimental Procedures).
type; n 16 hemisegments (A3), p  0.001, Student’s To disrupt the function of these candidate genes, we
t test). The muscle surface area was on average 12% utilized the RNA interference technique (Fire et al., 1998).
smaller (31.3 0.5 103 m2 in witHA2/witHA5 and 30.4 Injection of double-stranded RNA from EST GH13548
0.7  103 m2 in witHA4/witHA5 compared to 35.2  1.1  reproduced the wit phenotype (Figure 3B). The pre-
103 m2 in wild-type; n  16, p  0.01, Students t test). dicted protein of this full-length EST was most homolo-
Similar results were obtained for muscles 2, 9, and 10 gous to human BMPRII and was previously identified
(not shown). We also examined neuromuscular syn- and named wishful thinking (wit) (Marque´s et al., 2002)
apses in wit mutant embryos and at each larval stage. (Kawabata et al., 1995; Liu et al., 1995; Rosenzweig et al.,
While neuromuscular synapses in wit mutant stage 16 1995). By complementation analysis, we also identified a
embryos appear similar to those of wild-type, those of lethal P element insertion into the first intron of the wit
gene in the line l(3)S126215 that mimicked the synapticfirst instar wit larva have visibly smaller synapses com-
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Figure 2. Characterization of the Synaptic
Phenotype in wit Mutants
Wild-type (A, C, and E) and witHA4/witHA5 mutant
(B, D, and F) third instar larvae stained with
antibodies against synaptic marker proteins. (A
and B) Micrographs comparing NMJs stained
with anti-Dlg antibodies on muscle 4. The lo-
calization and expression level of Dlg appears
normal in wit mutants (B). (C and D) Immuno-
histochemical stainings of the synapses in
the cleft of muscles 6 and 7 using anti-Fas II
antibodies (1D4). Synaptically localized Fas II
is strongly downregulated in mutant terminals
(D, arrows). (E and F) HRP immunohistochem-
istry using anti-Syt antibodies on muscle 12.
wit mutants display punctate staining prod-
ucts in the motor axons (F, arrows). (G) Graphic
representation of bouton numbers on muscle
1 relative to muscle size. Wild-type CD8-GFP-
Sh (black dots), witHA2/witHA5 (yellow triangles),
witHA4/witHA5 (brown squares), and rescued wit
mutants, elav-Gal4/UAS-Wit; witHA2/ witHA4 (black
crosses).
phenotype of our EMS alleles (Figures 3C and 3D). Pre- a protein of 903 amino acids with predicted extracellular,
transmembrane, and intracellular regions (Figure 3E).cise excision of this P element reverted the lethality and
restored normal synaptic structure, indicating that the The extracellular region contains a signal sequence and
a TGF- receptor family signature sequence. The cyto-insertion was responsible for the phenotype. To further
demonstrate that the synaptic phenotype is caused by plasmic region consists of a Serine/Threonine-kinase
domain containing an ATP binding site and a highlya disruption of the wit gene, we crossed transgenic flies
carrying a genomic fragment of the entire wit locus into conserved coiled-coil/leucine zipper motif followed by
a unique C-terminal domain of 372 amino acids witha wit homozygous mutant background. This transgene
completely rescued the lethality and the synaptic phe- no known function. At the amino acid level, the overall
identity of Wit to human BMPRII is 30% with the stron-notype of wit mutants (Figure 5B).
The wit cDNA (GH13548) is 4034 bp long and encodes gest homology in the kinase domain (45%) (Figure 3F).
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Figure 3. Positional Cloning and Genomic Organization of the wit Locus
(A and B) RNA interference analysis. Injection of double-stranded RNA of -galactosidase into CD8-GFP-Sh embryos had no effect on the
structure of the larval NMJ as seen in confocal images of the synapses on dorsal muscle pairs 1/9 and 2/10 (A). In contrast, injection of dsRNA
of wit reduces synaptic size (B). (C) NMJs are drastically smaller in l(3)S126215/witHA2 larvae. (D) Genomic organization of the wit locus. wit is
localized between the genes disembodied (dib, distal) and Drosophila fumaryl-acetoacetase (dfaa, proximal). The first intron contains a P
element insertion in the line l(3)S126215. (E) Deduced protein sequence of Wit. The mutated amino acids of various wit EMS alleles are
indicated in red (see text). Arrows (kinase domain), dashed underline (transmembrane domain), single underline (ATP binding region), double
underline (coiled-coil/leucine zipper). GenBank accession number AF420466. (F) Domain structure of the Wit receptor and percentage of the
amino acid identity to human BMPRII.
We sequenced the wit gene in all five mutant alleles. (Figure 3E). We identified stop codons in three wit alleles
(K482Stop in witHA4, W491Stop in witHA3, and R524Stop in witHA5).We found point mutations in the coding region of four
alleles, all of which were located in the kinase domain These three alleles and witHA2 had similar phenotypes
Neuron
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Figure 4. Wit Is Predominantly Expressed by a Restricted Subset of Neurons
(A–D) Whole-mount in situ hybridization using digoxygenin-labeled antisense probes. (A) Stage 12 embryo showing wit expression in a reiterated
subset of CNS neurons and in the labral sensory complex (arrowhead). (B and C) Expression of wit in restricted subsets of CNS neurons
persists until late stage 14 and is also detected in the dorsal closure furrow (B, arrowheads). Ventral view of wit expressing neuronal clusters
(C). (D) Dissected stage 13 embryos co-stained with BP102 antibodies. Arrowhead depicts the localization of VUM motoneurons. (E–I) HRP
immunohistochemistry using anti-Wit antibody 23C7. (E) A subset of large neuronal cells is revealed in stage14 embryos. (F) At stage 15, Wit
is also detected in a subset of commissural and longitudinal axons. (G) At stage 16, Wit is expressed in longitudinal axon tracts and in discrete
lateral clusters that colocalize with major groups of motoneurons (arrowheads). (H) In the brain of third instar larvae, Wit is detected in a
noncellular pattern in the brain lobes, e.g., the lamina (arrowhead in [H]). (I) No Wit protein can be detected in the brains of witHA4 mutants.
either transheterozygous over each other or hemizygous the monoclonal antibody BP102 that labels the axon
scaffold revealed that wit is expressed in the motoneu-over deficiencies, suggesting they represent strong
rons of the Ventral-Unpaired Median (VUM) cluster (Fig-loss-of-function alleles. The witHA1 allele appears to be
ure 4D). Co-staining with anti-Even-Skipped antibodiesa hypomorph as the synaptic phenotype was slightly
revealed that Wit is expressed by several identifiableless severe. Interestingly, we found a missense mutation
motoneurons including the RP2 motoneurons but notin witHA1 that changes a glutamate residue to lysine within
by the EL interneurons (data not shown). From stagethe coiled-coil/leucine zipper domain at position 413
15 to 17, the boundaries of the CNS clusters gradually(E413K). These results show that synaptic undergrowth
disappeared, as more CNS neurons appeared to ex-in wit mutants is caused by single point mutations in
press wit. At stage 16, wit mRNA was also detectablethe Drosophila BMPRII homolog Wit.
in the furrows of the developing midgut (data not shown).
We confirmed that Wit protein was expressed in a
wit Is Expressed in a Restricted Subset of Neurons restricted subset of CNS neurons with a monoclonal
To gain insight into where wit is normally required, we antibody (23C7) generated against Wit (see Experimen-
examined the expression pattern of wit mRNA by in situ tal Procedures). Wit protein was detected in a reiterated
hybridization. At early embryonic stages, we failed to pattern in the CNS from stage 13 onward (Figure 4E).
detect any wit mRNA, suggesting that wit is not mater- Beginning at stage 15, Wit was also seen in the CNS
nally deposited. We detected zygotic wit expression first axon scaffold in both the commissures and longitudinal
at stage 11 in a reiterated subset of CNS neurons (Figure tracts (Figure 4F). Weak expression was also detected
4A) and in the labral sensory cluster of the peripheral in the sensory neurons of the peripheral nervous system.
nervous system (Figures 4A and arrowhead). In stages At stage 16, Wit staining formed a pattern resembling the
11 to 14, wit expression persisted in these spatially re- staining pattern of the motoneuron marker Late Bloomer
(Lbl) (Figure 4G, Kopczynski et al., 1996). Similar to Lbl,stricted clusters (Figures 4B and 4C). Co-staining with
The BMP Receptor Wit Regulates Synaptic Growth
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Wit protein was predominantly found in a stripe of cells cordings from muscle 6 at segment A3 in wild-type and
wit mutant third instar larvae. Evoked excitatory junc-in a region close to the posterior commissure in each
segment where motoneurons are located (arrowheads tional potentials (EJP) were greatly reduced in wit mu-
tants reaching only 10% of those of the wild-typein Figure 4G). In first and second instar larvae, Wit was
expressed throughout the brain. In third instar larvae, (29.82  1.20 mV in wild-type CD8-GFP-Sh versus
2.98  0.30 mV in witHA4/witHA5; n  12) (Figure 6A). TheWit expression in the ventral nerve chord ceased but
was still prominent in the synaptic centers and the lam- amplitude of spontaneous miniature excitatory junc-
tional potentials (mEJPs) was also slightly reduced inina of the developing brain lobes (Figure 4H). Wit protein
was also detected in all imaginal discs. Staining with wit mutants (0.90  0.03 mV in wild-type larvae versus
0.68  0.03 mV in witHA5/witHA4) (Figures 6A and 6B). To23C7 was absent in embryos and larval brains of witHA4
mutants, which have a premature stop codon that de- further examine the effect of wit loss of function on
neurotransmitter release, we measured the frequencyletes the epitope recognized by the antibody (Figure 4I).
We could not detect endogenous Wit at the larval NMJ of spontaneous release in the absence of stimulation.
We found that this measure of release was also signifi-using the 23C7 antibody; however, when we overex-
pressed Wit in all neurons, it was readily detected at the cantly reduced in the mutants (2.88  0.31 Hz in wild-
type versus 1.43  0.10 Hz in witHA5/witHA4) (Figure 6C).NMJ with this antibody. Our analysis of the expression
pattern demonstrates that wit is expressed specifically We also measured quantal content and found that wit
mutant synapses release 7-fold less neurotransmitterin the nervous system from embryonic stages until third
instar larvae, indicating that Wit signaling is continuously than wild-type synapses (32.96  1.02 in wild-type ver-
sus 4.50 0.50 in witHA4/witHA5) (Figure 6D). Several allelicrequired during these developmental periods.
combinations of wit mutants gave similar results (data
not shown). These results suggest that Wit is requiredTransgenic Rescue Experiments Reveal
for normal synaptic function. All defects of neurotrans-a Presynaptic Function for Wit
mission were rescued when we overexpressed Wit ei-To examine whether wit function is required pre- or
ther pan-neuronally or in motoneurons with elav-Gal4postsynaptically, we expressed exogenous Wit in wit
or OK6-Gal4, respectively. This indicates that wit lossmutants using the UAS/Gal4-system (Brand and Perri-
of function disrupts a presynaptic process (Figures 6A–mon, 1993). Expression of wild-type Wit in all postmitotic
6D), consistent with our genetic results for rescuing le-neurons using elav-Gal4 rescued lethality in more than
thality and structural defects (see above).90% of the homozygous mutants and completely res-
Finally, we examined the electrophysiological defectscued both the synaptic and muscular growth defects
in wit mutants by measuring the Ca2 dependence of(Figures 5C and 2G). Expression of full-length Wit only
neurotransmitter release (Figure 6E). Loss of function ofin motoneurons using OK6-Gal4 (K.G. Moffat, J.B. Con-
wit does not appear to affect the Ca2 cooperativity atnolly, J. Keane, S.T. Sweeney, and C.J. O’Kane, unpub-
the neuromuscular junction, as the slope of the regres-lished data; see also Experimental Procedures) also res-
sion line remained around 3 (Stewart et al., 1994). Ourcued both the lethality and synaptic defects of wit
electrophysiological examination implies that upon de-mutants (Figure 5D). In contrast, expression of Wit on
polarization, wit mutant motor terminals release signifi-the postsynaptic side of the NMJ in all somatic muscles
cantly less neurotransmitter.using the G14-Gal4 insertion line (D. Lin and C.S.G.,
unpublished data) did not rescue synaptic defects (Fig-
ure 5E). Presynaptic Membrane in wit Mutants Exhibits
Additional evidence for a presynaptic function for Wit Adhesion Defects
was provided by the examination of the effect of a domi- Given the dramatic light microscopic and electrophysio-
nant negative wit construct lacking the cytoplasmic do- logical defects, we wondered whether the ultrastructure
main of the receptor protein (witC). Overexpression of of wit neuromuscular synapses was also affected. We
WitC in motoneurons using OK6-Gal4 reduced synap- examined serial cross-sections of both wild-type and
tic size in a wild-type background (Figure 5F), whereas wit mutant boutons at muscles 6 and 7 of third instar
overexpression of the same protein in muscles using larvae by electron microscopy. We found that wit mutant
G14-Gal4 had no effect. Finally, we tested whether over- synapses have active zones with T-bars, synaptic vesi-
expression of Wit is sufficient to promote synaptic cles both free within the bouton and clustered around
growth in a wild-type background. When we overex- the T-bars, and other features that appear wild-type
pressed Wit in all neurons or in all somatic muscles, we (Figures 7A and 7B). In addition to these features, we
did not observe any synaptic overgrowth at the NMJ, also observed a smaller population of vesicles larger
even when the copy number was increased 2-fold (not than and distinct from the synaptic vesicles (Figure 7B),
shown). In summary, these results suggest that wit func- an unusual ruffling of the presynaptic membrane in ac-
tion is required presynaptically for viability and normal tive zones, and a novel electron dense structure associ-
synaptic development at the NMJ. ated with a tight cluster of vesicles (see below). The
postsynaptic specialization of the muscle membrane,
the subsynaptic reticulum (SSR), was indistinguishablewit Mutant Synapses Release
Less Neurotransmitter from wild-type (data not shown).
We quantified a number of bouton characteristicsSince wit is required for normal synaptic development
at the NMJ, we wondered whether wit also plays a role from serial sections of 17 wit boutons and compared
them with similar data from 18 wild-type boutons. Wein synaptic transmission. We examined both the sponta-
neous and the evoked release using intracellular re- find that although wit and wild-type boutons are approxi-
Neuron
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Figure 5. The Synaptic Phenotype of wit Mutants Is Rescued by Expressing Wit Presynaptically
(A–F) Confocal images of CD8-GFP-Sh stained neuromuscular junctions of muscles 1/9 and 2/10. (A) NMJs of a witHA2 mutant larva. (B) Normal
sized synapses in a homozygous wit mutant larva containing a genomic rescue fragment of the wit locus (genotype: genomic-wit/cyo;witHA2).
(C) NMJs of a homozygous wit mutant larva expressing a wit cDNA in all neurons appear wild-type (genotype: UAS-wit/elav-Gal4; witHA2). (D)
Dorsal synapses of a wit mutant larva expressing Wit in all motoneurons using OK6-Gal4 (genotype: UAS-wit/OK6-Gal4; witHA2). (E) Overexpres-
sion of Wit in all muscles does not rescue synaptic undergrowth in a wit mutant background (genotype: UAS-wit/G14-Gal4;witHA2). (F) Overexpres-
sion of a weakly dominant negative form of wit in motoneurons causes a reduction of synaptic size in a wild-type larva (genotype: UAS-witC/
OK6-Gal4,CD8-GFP-Sh-1A).
mately the same size, the bouton surface area per active in sections with, and without, T-bars (cf. Figures 7D and
7E). We quantified this defect by comparing the ratio ofzone is 2-fold greater in wit mutants (2.01  0.25 m2
compared to 1.01  0.08 m2 in wild-type; p  0.001, the length of presynaptic membrane in close apposition
to the postsynaptic membrane to the overall length ofStudent’s t test). In addition, the number of T-bars per
active zone was 2-fold greater in wit mutants (1.28  postsynaptic membrane in active zones of wild-type and
wit mutants. In wild-type boutons, this ratio was 0.97 0.14 compared to 0.61  0.03 in wild-type; p  0.001).
The bouton surface area per T-bar (an indicator of an 0.01 (n  16; the 3% discrepancy is due to slight mem-
brane curvature in many active zones). By contrast, thisactive vesicle release site) was not statistically different
between wit mutants and wild-type (1.78  0.29 m2 in ratio in wit mutants was 0.56 0.03 (n 22; p 0.001,
Student’s t test), indicating that 44% of the presynapticwit versus 1.73  0.19 m2 in wild-type; p  0.89).
Our ultrastructural observations revealed two signifi- membrane was detached. In no instance, however, did
we observe a T-bar associated with a detached sectioncant defects in wit mutant boutons. In wit mutants, the
postsynaptic membrane and the electron dense material of presynaptic membrane, even when the immediately
adjacent presynaptic membrane was detached.in the cleft appeared normal, but the presynaptic mem-
brane within the active zone displayed regions of ruffling The second defect in wit mutant boutons was the
presence of a novel electron dense structure and itsor detachment from the postsynaptic membrane/cleft
material (arrows, Figures 7D and 7E). These membrane associated cluster of vesicles within the cytoplasm of
the bouton (Figures 7F–7I). We observed an average ofdetachments did not include the entire active zone as
some regions maintained close apposition of the pre- 2.4  0.7 such structures per bouton in wit mutants,
whereas none were observed in wild-type boutons. Weand postsynaptic membranes (arrowheads, Figures 7D
and 7E). This adhesion defect was observed in nearly have named these structures T-bodies, due to their
shared ability to cluster synaptic vesicles in a similarall active zones of wit mutants and was similar in severity
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Figure 6. Electrophysiological Analysis of wit Mutants Reveals a Presynaptic Defect
(A) Representative traces of evoked and spontaneous potentials from wild-type (CD8-GFP-Sh), witHA4/witHA5 and witHA2 rescued with motoneuronal
expression of a wit cDNA (UAS-wit/OK6-Gal4; witHA2). The upper three panels show an average of 10 consecutive EJPs (at 0.5 Hz) for each
genotype. The lower three panels show continuous recordings of mEJPs in the absence of stimulation. Calibration: 5 mV/20 ms upper panels;
2.5 mV/200 ms lower panels. (B, C and D) Bar graph representations of mean values for mEJP amplitude (B), mEJP frequency (C), and quantal
content (D) among the indicated backgrounds. Where there is a statistical significance, the p value is indicated. (E) Logarithmic plot representing
the quantal content as a function of extracellular Ca2 concentration. Data points represent average of 20–40 EJPs recorded from 2–4 muscles.
For 0.6 mM Ca2, 8 muscles were included.
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Figure 7. wit Mutant Synapses Have Abnormal Presynaptic Ultrastructure
(A and B) Electron micrographs depicting cross-sections through a type-I bouton on muscle 6 in wild-type (A) and witHA2/witHA5 larvae (B). The
subsynaptic reticulum (SSR), active zones (asterisks), T-bars (thick arrows), and mitochondria (m) are marked. A small population of larger
vesicles (arrows) is visible within the presynaptic terminal of wit mutants (B). (C–E) At higher magnification, the close apposition of presynaptic
and postsynaptic membranes characteristic of active zones in wild-type boutons (membrane region between arrowheads is [C]) is disrupted
in active zones of wit mutants (D and E). Parts of the presynaptic membrane are detached (arrows) from the underlying electron dense material
independent of the presence (D) or absence (E) of a T-bar. In adjacent areas, the pre- and postsynaptic membranes and the material in the
cleft have a normal appearance (arrowheads in [D] and [E]). (F–I) Electron micrographs of electron-dense particles (T-bodies) with synaptic
vesicles clustered around them. (F)–(G) and (H)–(I) are adjacent serial sections of two of these structures. Thick arrows mark a T-bar. (J–L)
Images of wild-type T-bars illustrating that the particles in (F)–(I) do not resemble conventional T-bars seen in either cross-sections (C and
D) or tangential sections (J–L). (J) shows two separate T-bars, (K) is a double T-bar, and (L) is a rare triple T-bar. Scale bar: 600 nm (A and
B), 200 nm (C–L).
fashion to T-bars. Unlike T-bars, T-bodies appear to and did not resemble conventional T-bars seen in either
cross-section (Figures 7C and 7D) or tangential sectionfloat freely within the bouton with no attachment to the
presynaptic membrane. T-bodies often spanned 2–3 ad- (Figures 7J–7L). Their association with tight clusters of
synaptic vesicles suggests, however, that they containjacent 80 nm serial sections (Figures 7F and 7G and 7H-
7I), had a “C” or closed ring shape in 3D reconstruction, vesicle-docking components similar, if not identical, to
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those in T-bars. The wit loss of function therefore ap- gest that although the kinetics of Ca2-dependent re-
lease appear unaffected, there are either fewer activepears to disrupt the proper adhesion of the presynaptic
membrane to the postsynaptic membrane/cleft material zones recruited for every Ca2 concentration upon stim-
ulation or the exocytotic process is malfunctioning atwithin active zones, which could underlie the defects
we observed in synaptic function. individual release sites. Another attractive possibility for
the electrophysiological defects in wit mutants could be
a disruption of the homeostatic control mechanism thatDiscussion
adjusts synaptic structure and function (Bailey and Kan-
del, 1993; Davis and Goodman, 1998). This hypothesisHere we demonstrate that loss-of-function mutations in
assumes that a reduction in the number of synaptica member of the TGF- receptor family affect synaptic
boutons would be compensated by an increase in thedevelopment. In a forward genetic screen, we identified
synaptic strength of the remaining boutons to supply aa Drosophila BMP type II receptor (Wit) that controls
normal level of neurotransmitter (Stewart et al., 1996).synaptic growth. Wit is necessary for the expansion of
Such a compensatory mechanism is not observed in witthe NMJs proportional to the size of their muscle targets.
mutants, indicating that Wit itself could be a receptorBased on the analysis of its restricted expression pattern
for receiving the homeostatic signal, or alternatively, witand the rescue of the wit mutant phenotype and the
mutant boutons may be unable to process the signallethality by expressing Wit selectively in motoneurons,
efficiently because of anatomical defects.we conclude that the major function of Wit appears to
be in the regulation of presynaptic growth at the NMJ.
One growth mechanism utilized by wild-type NMJs Ultrastructural Adhesion Defects Selectively
during larval development is the intercalation of boutons in Active Zones
into existing synaptic branches. As the muscles grow, In electron micrographs, we observe a detachment of
synaptic branches are stretched apart and new boutons the presynaptic membrane from the electron dense ma-
are inserted between existing boutons suggesting that terial in the synaptic cleft selectively in active zones,
muscle growth could be a driving force for the expansion which could provide an explanation for the malfunction
of presynaptic morphology (Zito et al., 1999). Such a of synaptic transmission. Accurate fusion of synaptic
growth process may be disrupted in wit mutants. In wit vesicles or complete efflux of their vesicular content
mutant first instar larvae, the NMJs appear to be slightly could be hampered by these presynaptic membrane
smaller than in wild-type, but the spacing of individual defects. Furthermore, the membrane ruffles cause an
boutons is not visibly affected. In third instar larvae, increase in volume between the pre- and postsynaptic
however, we observe that many boutons are at greater sides, which could lead to a dilution of the glutamate
distances from each other, indicating that appropriate concentration in the synaptic cleft resulting in a de-
growth has not occurred. Interestingly, Fas II levels are crease of postsynaptic receptor activation.
greatly reduced at the NMJ of wit mutants, and a similar The membrane detachments could derive from an
increase in interbouton distances has been observed in adhesion defect or a membrane trafficking defect. Ac-
strong loss-of-function FasII mutants. The NMJs of cording to the general model, membrane recycling takes
these FasII mutants appear to form normally but fail to place in endocytotic zones surrounding active zones,
grow relative to the muscles of first instar larvae leading whereas transmitter release is thought to take place only
to atypically spaced boutons (Schuster et al., 1996a). in active zones (Roos and Kelly, 1999). All endocytotic
membrane retrieval at synapses is arrested in shibire
mutants, and deep membrane invaginations becomeElectrophysiological Recordings Indicate
that wit Is Required Presynaptically visible in endocytotic zones but not in active zones in
electron micrographs (Koenig and Ikeda, 1989). In com-The decrease of structural growth at the NMJ in wit
mutants is accompanied by a major reduction in synap- parison, the membrane detachments in wit mutants do
not resemble those seen in shibire mutants or in othertic function. Our electrophysiological analysis revealed
a 10-fold reduction in the amplitude of EJPs and a 7-fold mutants with endocytotic defects and represent a
unique phenotype.reduction in quantal content. Three lines of evidence
indicate to us that these defects are primarily presynap- Alternatively, the membrane ruffling in wit mutants
could be explained by Wit regulating the expression oftic in nature. First, increasing the concentration of extra-
cellular Ca2 resulted in an increase in the amplitude of specific adhesion molecules, which mediate the close
apposition of the synaptic membranes in active zones.EJPs, suggesting that postsynaptic receptors are not
limiting. Second, in immunohistochemical stainings, we The cell adhesion molecule Fas II is downregulated in
wit mutant NMJs. However, the downregulation of Fasdid not observe any differences in the distribution or
expression level of postsynaptic glutamate receptors in II alone may not explain the entire ultrastructural defect
since Fas II is localized primarily in periactive zoneswit mutants as compared with wild-type. Third, we were
able to rescue both the EJP size and the quantal content surrounding active zones and no such adhesion defects
are observed in FasII mutants (Schuster et al., 1996a;by overexpressing Wit only presynaptically (i.e., in moto-
neurons). Wan et al., 2000). Thus, Wit is likely to regulate other
synaptic molecules, which are required for the properOne partial explanation for the reduced amplitude of
EJPs and in turn for the reduced quantal content could adhesion of the pre- and postsynaptic membranes.
Finally, ultrastructural analysis of wit mutants revealedbe the mere reduction in release sites; wit mutants have
half as many boutons and contain fewer active zones. a striking increase in the number of T-bars per active
zone. It is possible that this increase is an attempt byFurthermore, the Ca2 cooperativity experiments sug-
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Experimental Proceduresthe neuron to compensate for reduced release. Interest-
ingly, this increase is also accompanied by an elevation
Genetics and Fly Stocksin the bouton surface area per active zone resulting in We isolated wit mutant alleles in an F2-lethal screen of the third
a bouton surface area per T-bar that is almost indistin- chromosome. Isogenic CD8-GFP-Sh-7A males carrying the homo-
guishable from wild-type animals. zygous CD8-GFP-Sh transgene at position 64B12-16 were treated
with 22 mM methanesulfonic acid ethyl ester (EMS) (Sigma) in 5%
sucrose for 12–16 hr. Males were mated en masse to w; Ly/TM6B
females. Single F1 males were back crossed and F2 siblings ofPotential Signaling Mechanisms of Wit
the genotype w; CD8-GFP-Sh-7A,*/TM6B were used to establish
The proportionally smaller NMJs of wit mutants point balanced stocks (asterisk indicates randomly induced mutations).
to the existence of a structural growth mechanism ad- Non-TM6B larvae were picked at the wandering stage, submersed
in a 65	C water bath for 1 s and mounted for examination under ajusting synaptic size to the size of the muscle target.
confocal microscope. From 8299 established lines,60% gave via-How does Wit control structural growth? We found that
ble third instar larvae and were examined for neuromuscular pheno-third instar larva mutant for the type I BMP receptors
types. Nonmutagenized CD8-GFP-Sh larvae were chosen as wild-
saxophone (sax) and thick veins (tkv) and the Smad mol- type controls for all experiments.
ecules mothers against decapentaplegic (mad), and The G14-Gal4 enhancer trap line expresses in all somatic muscles
medea (med) all have smaller neuromuscular synapses and salivary glands. OK6-Gal4 drives expression in all motoneurons,
salivary glands, wing discs, and a subset of tracheal branches begin-(McCabe et al., unpublished data). Furthermore, trans-
ning in the first larval instar persisting until pupation (H.A., B.D.M.,genic activated type I Sax and Tkv receptors can rescue
T.M., and C.S.G., unpublished). UAS-wit 2A and –11, UAS-witCboth viability and neuromuscular defects in wit mutants
(#112), and the genomic rescue line (pMBO1902) were obtained
indicating they function downstream of Wit. According from M.B. O’Connor (Marque´s et al., 2002). Rescue experiments
to the general model of BMP signaling, type II receptors, were performed by crossing UAS-wit;witHA2/TM6B flies to Gal4;
witHA4/TM6B flies.like Wit, interact with a ligand before activating type I
receptors. One might therefore expect that Wit is local-
Complementation, Mapping, and Deficiency Analysisized at the NMJ and interacts with a ligand expressed
Mutant lines with similar phenotypes were crossed to each otherin muscles. To our surprise, we were not able to detect
and judged for complementation by the presence of a synaptic
Wit protein at the NMJ using anti-Wit antibodies. Endog- phenotype. Mutations were mapped by meiotic recombination
enous Wit protein could only be detected in neuronal against the multiply marked rucuca-chromosome. Localization was
refined using available deficiencies. Df(3L)GN50, GN24, GN19,cell bodies and axon tracts of the CNS. A possible expla-
GN34, C175, but not HR119 failed to complement wit mutationsnation could be that Wit is expressed at very low levels
(Flybase).at the NMJ or that the epitope for the antibody is masked
by interaction partners or by posttranslational modifica-
Cloning and Molecular Analysis of wit
tions. Interestingly, the endogenous type I BMP receptor Df(3L)C175 (64A3;64A6) deletes the genomic region between the
Tkv can be detected at the NMJ (McCabe et al., unpub- disembodied (dib) and ras opposite (rop) genes (Flybase). The se-
quence files AC015396 and AC005814 (NCBI) could be assembledlished data). This suggests to us that Wit is most likely
into a contig spanning the region deleted by Df(3L)C175 (75000present at the NMJ despite the fact that it cannot be
bp between dib and rop). Eleven potential genes were predicteddetected with available reagents.
for this region using Genescan software (see URL below). Single-
Even if Wit is not normally present at the NMJ, a ligand stranded RNA was synthesized from EST GH13548 (BDGP, RNA-
for Wit could still be expressed in muscles and reach source: adult heads) using the T7- and SP6-promotors (Megascript
its receptor via retrograde transport mechanisms. For kit, Ambion). Double-stranded RNA was produced by annealing
equimolar amounts of purified sense and antisense strands and wasexample, it has been shown that GDNF (glia cell line-
injected into CD8-GFP-Sh embryos at stages 1–4.derived neurotrophic factor) is normally expressed in
Genomic sequences flanking the insertion site of the P elementskeletal muscles and Schwann cells and is transported
in l(3)S126215 (Szeged Stock Center) were obtained by standard
retrogradely by motoneurons from its source to the cell inverse PCR techniques (BDGP). The P element was excised by
soma through a receptor-mediated process (Yan et al., crossing it to a stable transposase source (Robertson et al., 1988).
Precise excision was confirmed by sequencing using the Big Dye1995). If overexpressed in skeletal muscles of transgenic
Terminator kit (PE Applied Biosystems) and an ABI Prism 377 auto-mice, GDNF causes hyperinnervation of the NMJs, indi-
matic sequencer (Perkin Elmer). Genomic DNA of the EMS-inducedcating that synaptic structure can be altered in a retro-
alleles of wit was sequenced on both strands and analyzed with
grade fashion by a target-derived factor (Nguyen et al., Lasergene software (DNAstar).
1998). Based on the expression pattern of Wit, we can-
not yet distinguish between two models, one in which Antibody Production
A PCR-amplified fragment of the C-terminal domain of wit (aminothe hypothetical ligand is released by muscles and acts
acids 564–680) was subcloned into pQE30. The hexahistidine-in a retrograde fashion, and the second in which the
tagged fusion protein was purified from E. coli M15 under denaturingligand is released by presynaptic inputs to the motoneu-
conditions according to the manufacturer (Qiagen). Purified protein
rons in the CNS and acts in an anterograde fashion. was dialyzed, injected into Balb/c mice, and the spleen of the best
Future studies on this signaling pathway, and the dis- responder was fused with P3 myeloma cells. Hybridoma superna-
tants were screened by ELISA using a GST-tagged antigen. ELISA-covery of the ligand and its expression, will hopefully
positive clones were tested for their specificity on wild-type andallow us to determine which of these models is correct.
Wit-overexpressing embryos by HRP immunohistochemistry andRegardless of where the ligand arises, the data pre-
the strongest responding clone (23C7) was kept.
sented here clearly show that Wit, a Drosophila BMP
type II receptor, is expressed by motoneurons and re- Microscopy and Immunohistochemistry
quired by these neurons for the control of the growth RNA in situ hybridizations, larval dissections, and HRP immunohis-
tochemistry were carried out as described (Lin and Goodman, 1994).of their presynaptic terminals on muscles.
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The dilutions for primary antibodies were as follows: supernatants at the postembryonic neuromuscular junction of Drosophila. Devel-
opment 126, 5833–5846.of mouse monoclonal antibodies for Wit (23C7), Syt (3H21), BP102,
Fas II (1D4), Myc (9E10), Eve (3C10) 1:10, and for Dlg (4F3) 1:1000. Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
HRP-conjugated secondary antibodies were diluted 1:400 (Jackson a means of altering cell fates and generating dominant phenotypes.
Immunoresearch Laboratories). Staining reactions for Wit and for Development 118, 401–415.
Fas II were amplified using Vectastain (Vector Research). GFP- or Budnik, V., Zhong, Y., and Wu, C.F. (1990). Morphological plasticity
antibody-stained boutons were counted in segment A3 on dorsal of motor axons in Drosophila mutants with altered excitability. J.
muscles 1, 2, 9, and 10. Muscle size was approximated by measuring Neurosci. 10, 3754–3768.
the rectangular inner muscle area (Schuster et al., 1996b). Light
Charytoniuk, D.A., Traiffort, E., Pinard, E., Issertial, O., Seylaz, J.,microscopic images were collected on a Zeiss Axiophot microscope
and Ruat, M. (2000). Distribution of bone morphogenetic proteinusing a CCD-camera (ProgRes3012, Kontron Elektroniks). Confocal
and bone morphogenetic protein receptor transcripts in the rodentimages were collected on a Zeiss LSM-10 confocal microscope
nervous system and up-regulation of bone morphogenetic proteinand represent single focal planes that were averaged four times.
receptor type II in hippocampal dentate gyrus in a rat model ofConventional electron microscopy was performed as described
global cerebral ischemia. Neuroscience 100, 33–43.(Wan et al., 2000).
Davis, G.W., and Goodman, C.S. (1998). Genetic analysis of synaptic
development and plasticity: homeostatic regulation of synaptic effi-Electrophysiology
cacy. Curr. Opin. Neurobiol. 8, 149–156.Intracellular recordings were performed on muscle 6, segment A3
in dissected third instar larvae as previously described (Petersen et DiAntonio, A., Haghighi, A.P., Portman, S.L., Lee, J.D., Amaranto,
al., 1997). Briefly, larvae were prepared for recording in physiological A.M., and Goodman, C.S. (2001). Ubiquitination-dependent mecha-
saline HL3 (Stewart et al., 1994) containing 0.6 mM Ca2. For the Ca2 nisms regulate synaptic growth and function. Nature 412, 449–452.
cooperativity experiments, different concentrations of extracellular Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., and
Ca2 were used as indicated. Both EJP and mEJP amplitudes were Mello, C.C. (1998). Potent and specific genetic interference by dou-
measured from the raw data using the peak detection feature of ble-stranded RNA in Caenorhabditis elegans. Nature 391, 806–811.
MiniAnalysis program (Synaptosoft, Inc.); all events were verified by
Guo, X., Rueger, D., and Higgins, D. (1998). Osteogenic protein-1
eye. The amplitude and the frequency of mEJPs were calculated
and related bone morphogenetic proteins regulate dendritic growth
from continuous recordings in the absence of stimulation (60–100
and the expression of microtubule-associated protein-2 in rat sym-
s). Quantal content was estimated by dividing the mean EJP (at
pathetic neurons. Neurosci. Lett. 245, 131–134.
least 40 events) by the mean mEJP (at least 100 events). For mea-
Hogan, B.L. (1996). Bone morphogenetic proteins: multifunctionalsurements of the EJP in Ca2 dependence experiments, we cor-
regulators of vertebrate development. Genes Dev. 10, 1580–1594.rected for nonlinear summation errors according to Martin (1955).
Jiang, Y., McLennan, I.S., Koishi, K., and Hendry, I.A. (2000). Trans-
forming growth factor-beta 2 is anterogradely and retrogradelyDatabases and Stock Centers
transported in motoneurons and up-regulated after nerve injury.• Flybase (http://flybase.bio.indiana.edu/)
Neuroscience 97, 735–742.• Szeged P-Insertion Mutant Stock Center (http://gen.bio.u-szeged.
hu/stock/) Kawabata, M., Chytil, A., and Moses, H.L. (1995). Cloning of a novel
• BDGP (Berkeley Drosophila Genome Project, http://www.fruitfly.org/) type II serine/threonine kinase receptor through interaction with the
• NCBI (National Center for Biotechnology Information, http:// type I transforming growth factor-beta receptor. J. Biol. Chem. 270,
www.ncbi.nlm.nih.gov/) 5625–5630.
• Genscan Web Server at MIT (http://genes.mit.edu/) Kawabata, M., Imamura, T., and Miyazono, K. (1998). Signal trans-
duction by bone morphogenetic proteins. Cytokine Growth Factor
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